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ABSTRACT 

We present the results from our program to determine the evolution of the galaxy interaction/merger 
rate with redshift using the unique star-forming characteristics of collisional ring galaxies. We have 
identified 25 distant collisional ring galaxy candidates (CRGCs) in a total of 162 deep Hubble Space 
Telescope Wide Field/Planetary Camera-2 images obtained from the HST Archives. Based on mea- 
sured and estimated redshifts, these 25 CRGCs all lie in the redshift interval of 0.1 < z < 1. Using the 
local collisional ring galaxy volume density and the new "standard" cosmology, we find that in order 
to account for the number of identified CRGCs in our surveyed fields, the galaxy interaction/merger 
rate, parameterized as (1 -I- z) m , must increase steeply with redshift. We determine a minimum value 
of m = 5.2 ± 0.7, though m could be as high as 7 or 8. We can rule out a non-evolving (m = 0) 
and weakly evolving (m = 1-2) galaxy interaction/merger rate at greater than the 4 sigma level of 
confidence. 

Subject headings: galaxies:evolution — galaxies: formation — galaxies: interactions — galaxies: pe- 
culiar — galaxies: statistics 



1. INTRODUCTION 

It is becoming increasingly evident that the interac- 
tions between and the merging of galaxies have con- 
tributed substantially to the evolution of galaxies, both 
in terms of their stellar populations and their morpholog- 
ical appearances. Many of the nearby elliptical galaxies 
we observe in the general field may have been formed 
as a result of the merg i ng of tw o lar ge disk sy stems 
llToomre fc Toomreill972l lToomrelll977t lSchweizerlll983t 
Schw eizer fc Seitzerlll992|) . The merging of galaxies may 
also be responsible for the disappearance of the large 
faint blue galaxy population found in redshifts surveys 
and galaxy count prog r ams llCar lberg fc Chariot! Il992t 
iBroadhurst et all Il992t iColin et al.l ll994|) . And while 
galaxy interactions and mergers have been associated 
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with large bursts of star formation, there is also evidence 
that the lack of interactions may also affect the star for- 
mation processes in galaxies, as evidenced by the cor- 
relation between the lower rates of star formation with 
fewer compan ion galaxies found for low surface bright- 
ness galaxies l)Bot,hun et al.lll99"3lK 

Observationally, there is at least qualitative evidence 
for an increase in the galaxy interaction rate with redshift 
based on the increase of several phenomena accepted 
as resulting from interactions between galaxies. These 
inclu de the starbur st IRAS galaxies ijLonsdale et alJ 
I1990J) and quasars (|Bovle et all Il988j) . Additionally, 
in the environs of distant rich clusters of galaxies, the 
presence of an excess of blue star-forming galaxies in 
these clusters, known as the " Butcher-Oemler" effect 
l|Butcher fc Oemlerl fl978L I1985D . is at least partially, 
if not totally, the result of interacting galaxy systems 
(lLaverv fc Henrvlll988l:lLaverv et al.lll992rilCouch et alJ 
l1994HDressler et a.1.111 994K ~ 

Several theoretical arguments have also been put forth 
supporting a steep evolution of the galaxy merger rate 
as a function of redshift. The para meterization o f this 
evolution is expressed as (1 + z) m . Toomrel ()1977D con- 
sidered two-body encounters in an Q = 1 universe and 
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suggested that m = 2.5. iCarlberel l)1990(l has suggested 
that the value of m is sensit ive to the value o f f2. Assum- 
ing a CDM-like cosmology, iCarlber d 1(1990(1 has derived 
the following relationship: 



For n = 1, a very steep increase in the interactions 
and mergers of galaxies with redshift is predicted and 
this expectation can be tested observationally. 

Unfortunately, a direct measure of m has proven to 
be quite difficult. The main challenge in quantitatively 
determining the increase of interactions and mergers with 
redshift is the difficulty of identifying a complete volume 
sample of such systems, even at moderate redshift. Since 
tidal features and distortions are, in many cases, weak 
and of low surface brightness, it is often problem atic to 
observe such features in high redshift galaxies (see Mihos 
119951 IHibbard fc Vaccalll997t) . 

Due to the problems associated with simply using the 
disturbed morphological appearance of a galaxy to iden- 
tify it as having undergone a recent interaction, the ob- 
servational programs to investigate the evolution of the 
galaxy interaction rate have been based on determining 
the evolution of the galaxy pair fraction as a function of 
magnitude and/or redshift. The evolution of the galaxy 
pair fraction as a function of redshift has been parame- 
terized as (1 + z) n , similar in form to the galaxy merger 
r ate with an e x ponen t n rather than m. 

Zcpf fe Kool l|1989|) first applied this method to de- 
termine this exponent n using deep multi-color plates 
taken on the KPNO 4-meter Mayall telescope. Based a 
complete magnitude limited sample of ^1000 galaxies, 
they found an excess of close pairs of galaxies consis- 
tent with a value of n equal to 4.0 ± 2.5. A similar 
approach using images obtained on the Canada-France- 
Hawaii Telescope has been un dertaken by several investi- 
gators. ICarlberg et al.l lj!994L hereafter CPI), determined 
a v alue of n = 2.3 ± 1 . ana lyzing a sample of ^400 galax- 
ies. lYee fc Ellingsonl l)1995|) using a sample of ~100 field 
galaxies with measured redshifts determined a value of 
n = 4.0 ±1.5. But , in opposition to th ese determinations 
of n is the result o flWoods et al.l l)1995f) . Their magnitude 
limited sample of ~900 galaxies was complete at a level of 
two magnitudes below that of the two previousl y men- 
tioned CFHT programs, yet iWoods et alJ l)1995j) found 
no evidence for any evolution of the galaxy pair frac- 
tion (n — 0). Finally, in the study of 545 field galax- 
ies with an average redshift of < z > = 0.33 from the 
CNOC survey on t he Canada-France-Hawaii Telescope, 
iPatton et alJ l)1997fl determined an intermediate value for 
n, with n = 1.8 ±0.9. 

This significant variation in the value of n cannot be 
simply attributed to differences in the image resolution 
of the various data sets. Analysis of a s ample of 146 
galaxi es in a field imaged with the HST bv lBurkev et al.l 
fl!994f) . comp l ete to the same magnitude limit as that of 
IWoods et alJ l( 1995(1 . resulted in a relatively large value 
for n, with n = 3.5 ± 0.5. Yet, from the Medium Deep 
Survey HST Key project. fNeuschaefer et al.l l)1995|) . us- 
ing a sample of ~4500 galaxies, found no excess of galaxy 
pairs, consistent with a non-evolving (n — 0) galaxy pair 
frac tion out to a redsh i ft of .5. Interestingly, while CPI 
and iNeuschaefer et al.l 1)1995(1 have determined very dif- 



ferent values for n, 2.3 ± 1.0 and ^0 respectively, they 
have both determined the observed faint galaxy pair frac- 
tion to be ^14%! The difference in their values for n 
results from the determination of the correction for non- 
physical galaxy pairs, with CPI estimating ^ 4% to be 
non-physical pairs and lNeuschaefer et alJ 1(199.511 estimate 
the correction to be 13%. 

Besides the difficulty in determining the value of n for 
the evolution of the galaxy pair fraction, relating n to 
the exponent used for the evolution of the galaxy merger 
rate, m, is not straightforward, as it is extremely difficult 
to estimate what fraction of the galaxy pairs which may 
show a disturbed morpholog y will actually lead to a vio- 
lent interaction of a merger. Bur kev et al.l l(1994() suggest 
the z derivative of the pair fraction should represent the 
galaxy merger rate, meaning m = n — 1. But, if the ra- 
tio of merger timescalcs at different epochs is taken into 
account, as was done by CPI, the m erger rate exponent , 
m, i s approximately e qual t o n + I. iZepf fc Kool ( 1989) 
and lYee fc Ellingsonl (0995) argue that the evolution of 
the galaxy merger rate should be quite similar to that of 
the galaxy pair fraction, implying m = n. 

Because of these difficulties with the analysis of dis- 
tant galaxy pairs, several research groups have utilized 
the high-resolution imaging capabilities of the HST to 
quantify the galaxy merger rate at high redshift. Based 
on a sample of 285 gala xies with redshifts out to z — 
1, iLe Fevre et alJ ll2000() used visual classifications of 
galaxies along with a galaxy pair analysis to determine 
a value for m of 3.4 ± 0.6 (for comparison with more 
recent results, it should be noted that this value was de- 
termined assuming qq = 0.5 and would be lower in the 
new "standard" cosm ology). For even higher redshifts, 
iConselice et all 1(2003(1 have used a statistical measure of 
the asymmetry of a galaxy to quantify the number of 
galaxy mergers as a function of redshift. Using galax- 
ies in the Hubble Deep Field, they find a steep evolution 
of the galaxy merger rate for massive, luminous galaxies 
out to z ~ 3, with a value for m in the range of 4 to 
6. The importance of the image resolution provided by 
the HST cannot be understated and we have also uti- 
lized this capability to investigate distant collisional ring 
galaxies. 

Collisional ring galaxies (CRGs) are a relatively small 
fraction of all galaxies that have undergone a recent 
interaction, being produced in the relatively rare cir- 
cumstance of a small galaxy passing directly through 
the center of a disk galaxy. The "Cartwheel" galaxy 
l(Zwickvlll941() is probably the most well-known exam- 
ple of this type of galaxy. A thorough review of the 
properties of collisionally p roduced galaxies is given by 
App leton fc Struck-Marcellll(1996() . While the ring struc- 
ture of these galaxies identifies them as galaxies having 
undergone a recent interaction, at redshifts of z ~ 0.5, 
these galaxies will be only several arcseconds in diam- 
eter and difficult to identify with even the best image 
resolution obtainable with ground-based observatories. 

Collisional ring galaxies have several advantages for in- 
vestigating the evolution of the galaxy interaction rate: 

1. The signature morphological appearance of CRGs, 
a high surface brightness knotty ring, makes it pos- 
sible to identify them at high redshift (z < 1) given 
the high image resolution obtainable with the HST. 
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2. The ring structure, delineated by regions of massive 
star formation, is a direct result of the dynamical 
process of interest. The uncertainty in how m and 
n are related is avoided. 

3. The timescale for the presence of the ring struc- 
ture is short (1 or 2 dynamical times), meaning the 
interaction was a recent event. 

4. The ring structure will only be produced by an 
"intruder" galaxy that has a significant mass com- 
pared to the "target" galaxy (at least 10%). There- 
fore, only events that will have a significant effect 
on the morphological appearance of the galaxy are 
investigated. 

In this paper, we present the results from our pro- 
gram to identify distant collisional ring galaxy candi- 
dates (CRGCs) in deep WFPC2 images obtained from 
the HST Archives. Our search method and results, the 
identification of 25 distant CRGCs, and the spectroscopic 
observations of several of these CRGCs are presented in 
Section 2. In Section 3, we discuss the implication of 
these results on the redshift evolution of the galaxy inter- 
action/merger rate, with Section 4 being a discussion of 
corrections and possible biases affecting our value for m. 
Our conclusions, co nsistent with the "work-in -progress" 
results presented in lLaverv fc Remiianl ((2000) , are sum- 
marized in Section 5. 

2. OBSERVATIONS 
2.1. Hubble Space Telescope Data 

The c oncept for thi s prog ram originated from the re- 
sults of lLaverv et al.1 0996) who found a high density 
of distant CRGCs lying behin d the Local Group dwar f 
spheroidal g alaxy in Tucana jLaverv fc Mighelll I19921. 
The data of lLaverv et alJ l)1996l) consisted of two deep 
images, with total exposure times of 3.5 and 4 hours, in 
the broad HST F814W filter. With these long exposure 
times in mind, our initial selection of WFPC2 fields to 
be searched for CRGCs were pointed observations (Pis: 
Couch, Dressier, Ellingson, Miley and Stockton) of dis- 
tant clusters of galaxies and distant radio galaxies which 
were obtained from the HST Archives. The only con- 
straint, besides exposure time, on the field selection was 
that at least one set of observations were made through 
one of the broad HST i?-band or /-band filters (F606W, 
F622W, F702W, F814W). This filter constraint was cho- 
sen so that the identification of the CRGCs would be 
based on their appearance in the rest-frame i?-band. 
The Hubble Deep Field was also included in this sam- 
ple. These pointed observations provided a total of 43 
WFPC2 fields. 

Based on the experience gained from the analysis of 
the pointed observations, we found that fields with ex- 
posures times greater than 4000 seconds would have a 
sufficient signal-to-noise ratio for the classification of dis- 
tant galaxies as CRGCs. With this constraint, a total of 
118 WFPC2 fields were obtained from Parallel Observa- 
tion Programs (PI: Griffiths, Windhorst). These fields, 
along with the pointed observations, provided a sample 
of 162 WFPC2 fields in total. 

The identification of the CRGCs was done through vi- 
sual inspection of the processed frames (after cosmic ray 



removal and image addition) . Each field was searched in- 
dependently by some combination of three of the authors 
(RJL and two others). After completion of the indepen- 
dent identifications, the candidate lists were compared 
and a consensus was reached on those objects to be in- 
cluded in our final CRGC list. 

Visual inspection was done rather than employing 
an automated identification routine for several reasons. 
First, the number of objects being searched for is very 
small compared to the total number of objects that would 
need to be structurally analyzed. Roughly expecting 
about 1 CRGC in every 10 WFPC2 fields, several hun- 
dreds of galaxies would have to be analyzed. While 
distinguishing between exponential disks and de Vau- 
couleurs profiles can be done, the construction of algo- 
rithms for the identification of coherent ring structure is 
much more complex. Second, it would still be necessary 
for visual classification to distinguish the P-type and O- 
type rings and to determine the presence of any weak 
bar-like or spiral structure. Additionally, the reimaging 
optics in WFPC2 camera system produce ring shaped 
artifacts due to bright stars in the field of observation. 
These ring artifacts have a knotty structure and look 
like face-on empty collisional ring galaxies. Their loca- 
tion with respect to the bright star varies in both the 
distance from the star and its angular position, depend- 
ing on the location of the star on the CCD chip. But, 
fortunately, these "ringers" can be identified as artifacts 
as a line drawn from the center of the CCD through the 
bright star will bisect the ring-shaped image produced 
by that star. 

To provide consistency between the classifiers in the 
visual identification process, the "reclassification" of the 
collisional ring galaxies in the Few & Madore (1986, here- 
after FM86) sample of ring galaxies was independently 
done by the classifiers prior to inspecting the WFPC2 
fields. The FM86 sample of ring galaxies contains 69 ob- 
jects consisting of two types: O-type or resonant rings 
and P-type or collisional rings. Resonant or O-type 
rings, which comprise ^40% of the FM86 sample, have 
a smooth structure and a centrally located nucleus. The 
P-type or collisional rings, which exhibit a ring with a 
crisp knotty structure and sometimes have a displaced 
nucleus, constitute the remaining ~60% of the FM86 
sample. A total of 50 galaxies were selected, consist- 
ing of the 41 P-type ring galaxies in the FM86 sample 
along with 9 of their O-type ring galaxies, and were "re- 
classified" independently and without prior knowledge 
of the FM86 classifications, by each visual inspector us- 
ing extracted images from the Digitized POSS. For the 9 
O-type rings in this sample, there was strong agreement 
with the FM86 classification. But, of the 41 P-type rings, 
unanimous agreement with the P-type ring classification 
was reached for only 14 galaxies, with 2/3 of the galax- 
ies not being classified as P-type by the authors of this 
paper. Most of the discrepancy was due to either the 
presence of spiral structure, which produced a ring-like 
appearance, or the presence of a galactic bar which has 
induced a ring-like structure more consistent with the 
O-type ring morphology. 

We reached two important conclusions from this re- 
classification exercise. First, our classification of galax- 
ies as P-type rings is very conservative. This gives us 
confidence in our ability to identify CRGCs that have 
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Fig. 1. — HST WFPC2 images of 20 of our identified CRGCs. Each galaxy is identified by an index number at the bottom right corner 
as given in Table 1. These images were extracted from the broad HST R-band or /-band (F606W, F622W, F702W, F814W) data sets used 
in the identification process. Each image in the panel is 10 by 10 arcseconds. 



a high likelihood of being true CRGs implying that our 
sample will not be contaminated by misclassified "nor- 
mal" galaxies. Second, based on our reclassification of 
the FM86 sample, in which we found only 14 of the 41 to 
meet our criteria for being P-type ring galaxies, the local 
CRG volume density may only be 1 /3 of that determined 
byFM86. 

The result of our visual inspection of 162 WFPC2 fields 



is a total of 25 distant CRGCs, for which images of 20 
are presented in Figure 1. The photometric properties 
of our 25 CRGCs is presented in Table 1. For the pho- 
tometric calibration, we have adopted the standard pho- 
tometric zero-points a nd color coefficients determined by 
iHoltzman et alJ l|1995f) . As a number of our CRGCs were 
identified in Parallel fields, they were only observed in a 
single filter. Eight of our CRGCs were observed in two 



Interaction/Merger Rate based on Collisional Ring Galaxies 



5 



filters allowing for color measurements for which we find 
an average (V-I) color of 1.59 ± 0.15. As we will be using 
1^-band magnitudes of the CRGCs to estimate their red- 
shifts, for those CRGCs with only a single observation, 
we have adopted colors of (V-I) = 1.5 and (V-R) = 1.0 in 
order to determine standard V-band magnitudes. These 
magnitudes should be accurate to ±0.1 mag. 

2.2. Optical Spectroscopy 

Optical spectroscopy for several of our CRGCs was ob- 
tained on 21 January 2002 using the Double Spectro- 
graph at the Palomar 5 5-m Hale telescope. Complete 
spectral coverage from 4000 to 8000 A was obtained by 
using dichroic filter #55 with a transition wavelength at 
5500 A, to split the light into a blue and red beam. In 
the blue beam, the 600 1/mm grating was used to ob- 
serve the wavelength range of 4000 to 5800 A with a 
dispersion of 1.73 A/pixel and a resolution of ^4 A. In 
the red beam, which covered the wavelength range of our 
main interest, we used the 316 1/mm grating resulting in 
a dispersion of 2.44 A/pixel over the wavelength range of 
5500 to 8000 A. A slit width of 1 arcsec was used which 
produced spectral resolution of ^5 A. Both sides of the 
spectrograph were equipped with a thinned 1024x1024 
Tek CCD. Each CCD had a gain of 2.0e- per DN with 
a readout noise of 8.6e- for the blue beam and 7.5e- for 
the red beam. 

The spectra were reduced and analyzed with the 
IRAF 6 package. The spectral reduction included bias 
subtraction, scattered-light corrections, and flat-fielding 
with dome flats. The two-dimensional images were rec- 
tified based on the arc-lamp observations and the trace 
of standard stars. Relative flux calibration was obt ained 
by ob servations of standard stars from the list of lOkei 
(1990). Since the night was non-photometric, only the 
standard stars observed contiguous to our targets were 
used to generate the sensitivity function. The results of 
the spectroscopic observations of our four CRGC targets 
follow. 

2.2.1. CRGC 5 

CRGC 5 lies in close proximity to the x-ray cluster 
MS0440 + 0210 = 0.190) a nd was identified as a 
possible gravitational arc (Al) bv lLupnino et alJ il993). 
Spectroscopic observations of Al bv iGioia et all (1998) 
produced a redshift of 0.5317, suggesting it may be 
weakly lensed by the foreground cluster. We observed 
CRGC 5 for a total exposure time of 3600 seconds. Sev- 
eral strong emission lines indicative of significant star 
formation in progress, specifically [O II] A3727, H/3, and 
[O III] A5007, are present (see Figure 2). These three 
lines give a redshift of .5322 ± 0.0005, co nsistent with 
the redshift obtained bv IGioia et alJ l)1998|) . 

2.2.2. CRGC 10 

5 Observations at the Palomar Observatory were made as part 
of a continuing cooperative agreement between Cornell University 
and the California Institute of Technology. 

6 IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 



CRGC 10 was observed for a total of 9000 seconds. 
A single strong emission line at 7679.0 A is present (see 
Figure 2). We tentatively identify this line as H/3 lead- 
ing to a redshift of 0.580. If this H/5 identification is 
correct, then other strong emission lines, unfortunately, 
fall directly on night sky emission lines. The line of [O 
II] A3727 falls atop the strong line of sodium D at 5890 
A and the line of [O III] A5007 falls on the night sky line 
at 7913.7 A. This night sky line at 7913.7 A is just a 
medium strength emission line. The resultant sky sub- 
tracted spectrum does show an excess at this wavelength 
possibly due to the presence of [O III] A5007 in the spec- 
trum of this galaxy. The alternative identification of the 
emission line at 7679.0 A as [O II] A3 72 7 would result 
in a galaxy redshift of 1.06. Our estimated redshift for 
CRGC 10 (see Section 3.1) is 0.85, lying between 0.580 
and 1.06. But, given the relative brightness of the appar- 
ent "intruder" galaxy, it seems more likely that CRGC 
10 
an 
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Fig. 2.— Spectra of CRGC #5 (z = 0.532) and #10 (z = 0.580) 
obtained with the Palomar 5.0-meter telescope. 

2.2.3. CRGC 7 and CRGC 11 

These two CRGCs were observed for 7200 seconds and 
4800 seconds, respectively. For CRGC 7, a weak con- 
tinuum is present. An extremely weak emission line- like 
feature is present in the 2-dimensional images, but its 
presence in the extracted 1-dimcnsional spectrum is not 
easily revealed. At the pixel location measured in the 
spectral image, there is a feature with a peak similar 
to the larger noise peaks but with a width unlike the 
noise peaks in being several pixels in width. This fea- 
ture is of interest as it shows a tilt which may be indica- 
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TABLE 1 

Observed Properties of Collisional Ring Galaxies Candidates (CRGCs) 



CRGC # RA DEC m B m v m R mj B-V V-R a V-P z eat z oba 

(J2000) (J2000) (mag) (mag) (mag) (mag) (mag) (mag) (mag) 



1 


02:39:58.2 


-01:36:59 


22.98 




21.32 




1.66 


0.67 




2 


14:11:11.7 


+52:12:01 




20.34 




1.00 




0.43 


0.454 


3 


12:36:57.2 


+62:12:26 


23.02 










0.68 


0.561 


4 


02:40:55.1 


-08:22:17 






21.02 




1.50 


0.59 




5 


04:43:11.2 


+02:10:12 




21.62 




1.00 




0.61 


0.532 


6 


21:40:14.0 


-23:40:17 




22.52 




1.00 




0.79 




7 


07:50:46.8 


+14:40:46 


22.72 




21.30 




1.42 


0.63 


0.629 b 


8 


06:11:16.4 


-48:48:29 23.67 


23.45 




21.74 


0.22 


1.71 


0.76 




9 


03:06:16.3 


+17:20:28 




21.92 




1.00 




0.66 




10 


10:07:58.8 


+07:30:09 




22.54 




1.00 




0.79 


0.580 


11 


17:09:59.8 


+10:32:02 


23.53 










0.78 




12 


16:03:09.1 


+42:46:03 




21.37 




1.00 




0.57 




1.3 


04:56:47.2 


+03:52:32 






21.97 




1.50 


0.77 




14 


18:07:01.4 


+45:44:12 


23.34 




21.73 




1.61 


0.74 




15 


10:47:53.3 


-25:14:08 






22.25 




1.50 


0.83 




16 


13:15:22.3 


+49:09:25 






22.48 




1.50 


0.89 




17 


07:27:42.8 


+69:06:47 


20.64 




19.37 




1.27 


0.35 




18 


02:40:57.4 


-08:23:25 






19.42 




1.50 


0.38 




19 


12:30:19.0 


+12:21:54 


22.94 








1.50 


0.66 




20 


12:56:57.8 


+47:20:20 




22.04 




1.00 




0.68 


0.996 


21 


02:39:58.4 


-01:36:34 


22.65 




21.28 




1.37 


0.61 




22 


19:38:09.0 


-46:20:48 


23.59 




21.83 




1.77 


0.80 




23 


02:40:55.1 


-08:22:43 






21.78 




1.50 


0.73 




24 


15:06:26.7 


+01:43:11 


23.81 




21.91 




1.90 


0.85 




25 


12:50:02.1 


+39:52:21 






19.93 




1.50 


0.44 





a Since a V-band magnitude is necessary for the redshift estimation, when no V-band image was available, we have 
assumed a color of V-R — 1.00 or V-I — 1.50 to determine the mv from mpt or mi. The ":" indicates an uncertain 
redshift. 

^This redshift is uncertain. 



tive of rotation andor expansion velocity of the galaxy. 
Identifying this weak feature as [O II] A3727 leads to a 
redshift of 0.629, which is uncertain, but very close to 
the estimated redshift of 0.68 for this CRGC. Lastly, the 
extracted spectrum of CRGC 11 reveals no information 
about this galaxy. 

3. DISCUSSION 
3.1. Estimated Redshifts for the CRG Candidate Sample 

Our goal in identifying this sample of distant CRGCs 
is to determine the value of m, the exponent used to 
quantify the evolution of the galaxy merger/interaction 
rate with redshift. In order to accomplish this, either 
individual redshifts for our CFGC sample or the redshift 
interval in which these CRGCs lay is required. At this 
time, measured redshifts are available for only five of the 
25 CRGCs in our sample. However, we have been able 
to constrain the redshift interval of our sample based on 
estimated redshifts for the remaining 20 CRGCs. 

We have us ed the sample of 11 c o llision al ring galax- 
ies studied by lAppleton fc Marstonl l)1997l) to determine 
an "average" absolute V magnitude, using a value for 
the Hubble Constant of H Q = 71 km s" 1 Mpc -1 . Ex- 
tinction corrections and ^-corrections to the apparent V 
magnitudes were made by Appleton & Marston. The 
resulting absolute V magnitudes for these galaxies were 
averaged to determine a "standard" absolute V magni- 
tude of My — -21.1 ± 1.1 for this sample. While this 
sample of CRGs is not a statistically complete sample, 
it was selected to be a representative sample. This value 
of My is consistent with an L* galaxy having several 



tenths of a magnitude increase in luminosity due to the 
star formation associated with the ring structure. This 
may also indicate that similar to spiral structure, the tar- 
get galaxy must be relatively large for the development 
of a coherent ring structure. 

We have calculated the expected apparent V magni- 
tude as a function of redshift for an My = -21.1 galaxy. 
The fc-c orrection val ues used were that of an average Sc 
galaxy i|PencdH976|) and we have assumed an average 
V-band galactic extinction, Ay, of 0.1. The cosmolog- 
ical parameters (Hq, Qm> ^k, and Q\) and the values 
used are discussed in more detail in Section 3.2. The es- 
timated apparent V magnitude as a function of redshift 
is shown in Figure 3. Based on this my-z relation, es- 
timated redshifts for our sample of 25 CRG candidates 
were determined and are given in Table 1. 

As part of several unrelated observational programs, 
measured redshifts have been published for four of the 
CRGCs in our sample: CRGC 2 at z = 0.454 (3C295 
#122, Dressier & Gunn 1983), CRGC 3 at z = 0.561 
(HDF 3-773.1, Cohen et al. 1996), CRGC 5 at z = 0.532 
(MS 0440+0204 Al, Gioia et al. 1998), and CRGC 20 at 
z = 0.996 (3C 280, Spinrad at al. 1985). Our spec- 
troscopic observations have confirmed the redshift for 
CRGC 5 and added a redshift for a fifth CGRC, CGRC 
10 at z — 0.580. For this group of five CRGCs, the agree- 
ment between our estimated redshifts and the measured 
redshifts is reasonably good (see Table 1) and provides 
support for our assumption that this sample of CRGCs 
lie in the redshift interval of 0.1 < z < 1. 
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TABLE 2 
Expected Number of CRGs 
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Fig. 3. — Apparent V magnitude versus redshift for a "standard" 
absolute V magnitude ring galaxy for two cosmological models. 
The solid curve was used to determine the estimated redshifts given 
in Table 1. 



3.2. The Evaluation of to 

Given that we have been able to constrain the red- 
shift interval in which our CRGCs lie, it is possible 
to compare the number of CRGCs we have identified 
with that expected for various values of m, the galaxy 
merger rate exponent. U s ing th e formalism presented in 
iCarroll. Press, fc Turner! 0992), the co-moving volume 
element as a function of redshift is given by 



dV = 



H (i + zy 



Dl 



dn dz (1) 



where Dl is the luminosity distance for a redshift z. 
In a flat universe, Dl can be evaluated using the integral 
expression 



H 

[(i + z) 2 (i + n M z) 



z(2 + z)Q A ]-^ 2 dz.(2) 



( see ICarroll. Press. &: Turner! 0992) for the more gen- 
eral expression). 

The parameters in these formulae are c, the speed of 
light, Ho, the Hubble constant, dtt, the solid angle el- 
ement, and dz, the redshift interval. The three sub- 
scripted omega terms are used to parameterize the ex- 
pansion properties of the Universe where ^fc, and 
17a are the fractional contributions due to matter, cur- 
vature, and the cosmological constant (dark energy), re- 
spectively. These three omega terms are related as such, 



M 



(3) 



with Oq = 1 - Qfc. Presently, the best determined val- 
ues for these cosmological parameters imply a flat (fin, = 
1, Slfc = 0) universe w ith SIm = 0.27, Vi a = 0.73, and Ho 
= 71 km s" 1 Mpc -1 i|Bennett et al.ll2003j) . 



Exponent m 


Number of CRGs 
n M = 0.27, n A = 0.73 


Number of CRGs 

n M = 0.27, n A = o 





1.4 
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2.4 


1.1 
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4.1 


2.5 
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7.2 


4.3 
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12.8 


7.6 
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22.9 


13.6 
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41.5 


24.6 


7 


75.6 


44.7 


8 


138.8 


81.9 



Note. — In the above table we present the number of CRGs 
expected to be detected in our survey as a function of the merger 
rate exponent m for two different sets of cosmological parameters 
of a flat universe (Clk — 0). Note that our results arc independent 
of the value of the Hubble constant Hq (see Section 3.2). 



The total solid angle of sky, cZO, that we have scanned 
is equal to the angular area of 162 WFPC2, each con- 
sisting of three 800x800 CCDs. The linear image scale 
for the Wide Field CCDs in the WFPC2 camera is 0.10 
arcseconds per pixel. We did not include the higher res- 
olution PC field in our scanned area due to the lower 
signal-to-noise ratio of the data in this CCD. Each WF 
CCD images a solid angle of 1.50 x 10~ 7 str. With a to- 
tal of 486 individual CCD images, the total solid angle, 
d£l, is equal to 7.31 x 10~ 5 str. We have not applied 
any correction to this solid angle, which would be a re- 
duction of approximately 10%, for the area obscured by 
bright stellar images or the area on each CCD (approxi- 
mately 30 rows and 30 columns) affected by the WFPC2 
reimaging mirrors. 

For the local collisional ring galaxy volume density, we 
have used the value determined by FM86 of 5.4 x 10~ 6 
ft, 3 Mpc -3 (see Section 4.1), where h = i? /100 km s _1 
Mpc -1 . In their determination of the local volume den- 
sity, FM86 applied a correction of 20% to their observed 
value to account for edge-on systems which would not be 
identified as ring systems due to their inclination. There- 
fore, for our estimates of the expected number of CRGs, 
we have reduced the FM86 value by 20%. This gives a 
value of 4.3 x 10~ 6 h 3 Mpc~ 3 . We stress here that we 
have not introduced any correction due to our reclassifi- 
cation of the P-type rings (see Section 2.1). 

Using equations 1 and 2, we have integrated the prod- 
uct of the co-moving volume element, the local collisional 
ring galaxy volume density, and the galaxy merger rate 
parameter of (1 + z) m over the redshift interval of 0.1 
< z < 1. This produced the expected number of CRGCs 
in our survey solid angle for various values of to, the 
results of which are presented in Table 2. 

It is interesting to note that since the local collisional 
ring galaxy volume density is a function of Hq and the 
co-moving volume element is a function of Hq 3 our es- 
timate of the number of CRGCs is independent of the 
value of Ho- For an Qm = 0.27, Oa = 0.73 universe, our 
identification of 25 CRGCs is consistent with an expo- 
nent value of to = 5.2, suggesting a very steep increase in 
the galaxy merger/interaction rate with redshift. Given 
our relatively large sample, we can assume our Poisson 
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distribution can be represented by a Gaussian distribu- 
tion with la error bars being equal to TV 5 . In this case 
with N = 25, we find to = 5.2 ± 0.7. We rule out a 
non-evolving (to = 0) and a slowly evolving (m = 1-2) 
galaxy interaction/merger rate at greater than the 4ct 
level of confidence. 

We wish to emphasize two important points. First, 
our steeply increasing galaxy merger rate is not very 
sensitive to the possible misclassification of several non- 
collisional ring galaxies as collisional rings. Even if the 
contamination were as high as 50%, the value of to would 
decrease from 5.2 to 4.0, still a very steeply increasing 
galaxy merger rate. Second, in our determinations for 
the expected number of CRGs for various values of to, we 
have used the FM86 value for the CRG volume density. 
Our "reclassification" of the P-type rings in their sample 
would reduce the local CRG volume density by a factor 
of three, decreasing the expected number of CRGCs in 
our HST fields by the same factor. 

This value for to of 5. 2 ± 0.7 is consistent with that 
of iConselice et all l)2003[) (to ~ 4-6 for luminous galax- 
ies hi_the_^ffD£},bvrt_it is significantly higher than that 
of iLe Fevre et al.l l)2000j) and the most recent analysis 
based on galaxy pairs by iPatton et alJ l)2002|) of to = 
2.3 ± 0.7. It is possible that in addition to the galaxy 
merger rate, our large value of m may also be indicative 
of the evolution of several other galaxy properties. First, 
evolution of the types of orbits for the intruder galaxy 
may be important. If the distribution of orbits of the 
intruder galaxies has evolved, with low angular momen- 
tum being more common in the past, this would increase 
the likelihood of interactions that produce ring galaxies 
(C. Struck, private communication). Second, evolution 
of the morphological distribution of the general field pop- 
ulation of galaxies, specifically a higher fraction of gas- 
rich disk systems compared to the field today. Unless 
the system being affected by the intruder galaxy is rela- 
tively gas-rich, the interaction will not produce the star 
formation that delineates the ring structure. If many of 
the nearby elliptical galaxies are the result of the merger 
of two disk systems, the exhaustion of gas in the process 
of forming these galaxies will mean that any subsequent 
interaction will not lead to enhanced star formation or a 
ring structure. 

4. CORRECTIONS AND POTENTIAL BIASES 

In order to quantify the evolutionary rate of any astro- 
nomical process, it is necessary to compare local samples 
with distant samples. This is not always straightforward, 
as the properties of local samples are not always well- 
determined, and non-representative results can occur if 
any introduced biases are not taken into account. In this 
sections, we evaluate various corrections and possible bi- 
ases and their affect on our result. 

4.1. The Local Volume Density 

In order to use our sample of distant CRGCs to esti- 
mate the exponent to which is used to parameterize the 
galaxy interaction/merger rate, it is necessary to know 
the local volume density of collisional ring galaxies. In 
our determination of the value of to, we have used the col- 
lisional ring galaxy volume density of FM86. This local 
density is based on ring galaxies identified in the Cat- 
alogue of Southern Peculiar Galaxies and Associations 



ijArp fc MadordlT987j) . an approximately complete sam- 
ple of 214 objects out to a survey depth for rings of 10 
arc-seconds or larger of 278 x h^ 1 Mpc. This sample is 
therefore not magnitude limited, but angular size limited 
with roughly 10 resolution elements across the smallest 
galaxies. The 214 rings from the CPGA consisted of both 
O- and P-type rings. FM86 classified a random subset of 
69 galaxies, selected upon their availability on A-grade 
SERC (J) blue-light plates, into O- and P-type (40% 
and 60%, respectively) rings. Applying this division to 
the total sample of 214 galaxies, they derived a local ring 
galaxy volume density of of 5.4 x 10~ 6 h 3 Mpc~ 3 . This 
value is consistent wi th the previous, though less rigor - 
ous, determination of lFreeman k, de Vaucouleursl l)1974ft 
of 7 x 10~ 6 h 3 Mpc~ 3 , but is lower than that determined 
bv lThompso"il l|1977lh 20 x 10" 6 h 3 Mpc" 3 . This larger 
value is suspect as the survey fields of lThompsonl l)1977fl 
were located near or on Abell clusters and a number of 
the identified objects are quite small and may n ot actu- 
ally be ring galaxies f A pple ^ Qn fc Marstonlll99"7j) . 

To be able to compare our distant sample of CRGCs 
with the local sample, it is necessary to ensure consis- 
tency in the identification process for both samples. This 
was done in two ways. First, to ensure that our dis- 
tant CRGC sample was identified in approximately the 
same rest-frame wavelength range as FM86, who used the 
SERC J plates for their ring galaxy classifications, our 
search and identification process was done only on those 
WFPC2 images obtained in the broad red wavelength fil- 
ters (F602W, F622W, F704W, and F814W), which would 
be similar to the i?-band in the rest-frame of our sam- 
ple. Second, as mentioned earlier, as part of insuring 
consistency between classifiers, each classifier looked at 
a sample of 50 ring galaxies from the FM86 sample and 
typed them as either O-type (resonant) rings or P-type 
(collisional) rings. While each classifier typed the 9 O- 
rings in the sample as such, many of the P-rings typed by 
FM86 were not. With a very narrow range of ±1 galaxy, 
each classifier typed only 14 of the 41 galaxies as P-rings. 

In our determination of to, we have used the local 
volume density of FM86, presently the best determined 
value. However, based on our re-classifications of the 
CRGs in the local sample, we have used much stricter cri- 
teria in identifying the distant sample of CRGCs. There 
is a factor of ^3 difference in the number of rings classi- 
fied as P-type by FM86 and by us. If this factor of 3 is 
applied, thereby lowering the local collisional ring galaxy 
volume density by this factor, the result is a larger value 
of to, with to = 7.0. 

4.2. The Survey Area 

In our determination of the solid angle covered in our 
survey, we have used an image scale of 0.1 arcseconds 
per pixel with the dimensions of each of the three low- 
resolution CCDs being 800 x 800 pixels. But, due to 
the reimaging optics of the WFPC2, regions along two 
sides of each CCD are not illuminated by the sky. The 
regions are L-shaped strips along the edges of each CCD 
with a width of ~30 pixels. Therefore, the imaging area 
of each CCD is actually only 770 x 770 pixels, reducing 
the survey solid angle by ~7.5%. In addition, some area 
was lost due to bright stars and nearby galaxies, which 
wc estimate to be a few percent. Overall, these factors 
combined lead to a reduction of the survey solid angle by 
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~10%. Correcting for this lost area leads to an increased 
value of m of ~0.15. 

4.3. Incompleteness 

Incompleteness can enter into and affect our distant 
CRGC sample in two ways: bright CRGCs overlooked 
in our visual search and distant CRGCs missed due to 
being of low signal-to-noise. Any aspect of incomplete- 
ness will result in our underestimating the number of dis- 
tant CRGCs, leading to an increased value for m. But, 
from Table 2, it can be seen that the expected number of 
CRGs increases dramatically for large values of m, close 
to a factor of two for each integer change in the value of 
7?i. Therefore, to greatly affect the value of m, the level 
of incompleteness must be significant. 

Our visual search for CRGCs was done independently 
by several different groups of three of the authors in all 
of the fields. In the identification of our distant CRGC 
sample, there was only 1 CRGC out of the 25 that was 
identified by a single person. This was CRGC 12, which 
was overlooked due to its relatively high surface bright- 
ness. This occurred early in our search and led to greater 
care in examining the full dynamic range of the images. 
The remaining 24 CRGCs were identified by at least two 
searchers, with the large majority being identified by all 
three searchers. For this reason, we feel confident in the 
thoroughness of our visual search process. 

The second aspect that contributes to possible incom- 
pleteness are the distant CRGCs not identified due to 
their low signal-to- noise in the available images. To eval- 
uate this incompleteness level, we have divided our sam- 
ple of CRGCs into 4 redshift bins to compare it with the 
expected redshift distribution based on the combination 
of volume and evolutionary rate. Figure 4 shows the per- 
centage distribution with estimated redshift determined 
for our sample (cross-hatched histogram) along with the 
expected distribution (dotted-line histogram) based on 
the evolutionary model. There would appear to be a 
significant deficit of objects in the most distant redshift 
bin. 

While it may be possible to estimate the number of 
CRGCs missing from the highest redshift bin, the sim- 
plest approach to account for this incompleteness is to 
reduce the redshift interval over which we integrate to 
determine the value of m. If we disregard the last red- 
shift bin due to incompleteness, this leads to a reduction 
of the number of CRGCs from 25 to 21 (the 16% in the 
last redshift bin represents 4 CRGCs) out to a maximum 
redshift of 0.8 rather than unity. This leads to a value of 
m = 6.8, a significant increase. 

However, we must qualify this simple approach. We 
initially determined the estimated redshifts for our sam- 
ple of CRGCs simply to place a constraint on the red- 
shift range over which the integration for determining 
the value of m was conducted, namely that the redshifts 
of our sample were less than 1. But, the errors associ- 
ated with these estimated redshifts are relatively large 
for several reasons. First, we have assumed for our dis- 
tant sample an absolute magnitude of M v = -21.1, which 
was determined using a sample of nearby collisional ring 
galaxies. This local sample had a scatter of ±1 magni- 
tude about this average value, which introduces an error 
of 0.1 to 0.15 in the estimated redshifts. Additionally, the 
estimated redshifts are quite sensitive to the assumed k- 
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Fig. 4. — Histogram of the percentage distribution of our CRGC 
sample with redshift (hatched histogram) compared with the per- 
centage distribution of the product of the co-moving volume and 
evolutionary factor (broken-line histogram). 



correction. While we have used the k-corrections for an 
Sc galaxy, the use of the k-corrections for an Scd galaxy 
leads to estimated redshifts larger by approximately 0.07 
and increases the fraction of galaxies in the most distant 
redshift bin from 16% to 36%! This still indicates some 
level of incompleteness in the most distant redshift bin, 
though not as severe. Once again, excluding the most 
distant redshift bin leads to a sample size of 16 CRGCs 
with z < 0.8 and a value of m = 6.2. 

4.4. Parallel /Pointed Observations 

Our sample of 162 WFPC2 fields consists of two very 
different types of observations: parallel fields and pointed 
observations. The parallel WFPC2 fields were exposed 
while other HST instruments were in primary use and 
should, therefore, constitute a random sampling of dis- 
tant field galaxies. There are 118 parallel fields in our 
total sample. The remaining 44 fields are pointed ob- 
servations towards distant radio galaxies and clusters of 
galaxies. These pointed fields were part of the initial 
field sample due to their long exposure times and depth. 
Clusters of galaxies are regions of high galaxy density 
and radio galaxies may have an excess of field galaxies 
associated with them. Is it possible the inclusion of these 
fields has produced our high value for ml 

Overall, there is no excess of CRGCs in the pointed 
fields compared to the parallel fields. The 118 parallel 
fields account for 73% of our surveyed solid angle. Based 
on this percentage, there should be 18.2 CRGCs in the 
parallel fields and we have identified 17 CRGCs, a differ- 
ence that is not statistically significant. 

Our WFPC2 sample contains 26 pointed observations 
towards radio galaxies. Observations of the environ- 
ments of distant radio galaxies suggest ~25% of such 
radio galaxies a re in "rich" (Abell r i chness 0, 1) clus- 
ters of galaxies llHarvanek et al.ll2001l lYates et al~lll989t 
IHill fc Lillvlll991t IZirbe]lll997D . Inspection of our radio 
galaxy fields does not reveal a relatively large enhance- 
ment of field galaxies clustered with the targeted radio 
galaxies. Much more likely is an enhancement in the field 
galaxies associated with the radio galaxies by factors of 
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only 2 to 5, which would not be obvious by inspection. 
But, such an excess would have only a small affect on our 
results. To be associated with the radio galaxy, the field 
galaxies would have to have an almost identical redshift 
to that of the radio galaxy, as this relatively small galaxy 
density enhancement must have a low velocity dispersion 
(200-300 km s _1 ). We have calculated the volume asso- 
ciated with a redshift interval of ±0.05 for the redshifts 
of 0.35 to 0.95 with increments of 0.1 in redshift. This in- 
terval of ±0.05 is equal to a velocity relative to the radio 
galaxy of 1500/(1 + z) km s _1 , which is approximately 
3 to 4 times the expected velocity dispersion. The per- 
centage of the volume associated with z ± 0.05 to our 
total volume ranges from 0.6% at z = 0.35 to 2% at z = 
0.95. Given this small fraction of volume with respect to 
the total volume along the line-of-sight, enhancements of 
the field galaxy density by factors of 2 to 5 would have 
minimal consequences. 

Observationally, we find no excess of CRGCs in our 
radio galaxy fields. These 26 fields represent 16% of our 
survey solid angle which leads to an expected number 
of four CRGCs in these pointed observations. We have 
identified three CRGCs in these fields, with one of our 
CRGCs being the targeted radio galaxy 3C 280 (CRGC 
20). This slight under-enhancement of CRGCs is not 
statistically significant. 

Our surveyed sample of WFPC2 fields includes 18 
pointed observations towards distant rich clusters of 
galaxies, which are regions of high galaxy density. How- 
ever, the environment associated with rich clusters is not 
conducive to the production of ring galaxies for two rea- 
sons. First, the galaxy populations in the core regions 
of these clusters is predominantly gas-poor E/S0 galax- 
ies in which the star formation that produces the ring 
structure cannot occur. Second, while the high galaxy 
density certainly results in more galaxy encounters, the 
velocity dispersions of rich clusters are also very high 
(^1000 km s _1 ). The relative velocity of the galaxies in 
these encounters will be considerably large, on the or- 
der of several times this dispersion, while the production 
of collisional ring galaxies results from relatively low ve- 
locity (^200-300 km s" 1 ) encounters ll Lynds fe Toomrd 
IT^IArmletou fe Stnick-Maxcelll 996HStriickl1 999F fh7 
low relative velocity, indicative of bound groups of galax- 
ies rather than rich clusters, allows the intruder galaxy 
to be present for a relatively long period of time, result- 
ing in a significant gravitational impulse on the stars in 
the target galaxy. For example, the "grand design" spiral 
structure of M51 is thought to have been produced by an 
encounter similar to those that produce collisional ring 
galaxies except for the fact that the companion to M51 
(NGC 5195) has passed near the edg e of the disk rather 
than through the center of the disk l)Toomre fe Toomrel 
1972). It is also due to the requirement of low relative 
velocities in these encounters to produce ring galaxies 
that it is expected these galaxies will merge on a rela- 
tively short time scale, hence the reason for using CRGs 
in this program. The high velocity encounters in clus- 
ters are of too short a duration to produce the necessary 
gravitational affect on the stars in the target galaxy. 

We have identified five CRGCs in the 18 fields pointed 
towards the clusters of galaxies, an area that is 11% 
of our total surveyed area. Based on this percentage, 
the expected number of CRGCs in these fields is only 



2.8, suggestive of only a slight enhancement of CRGCs 
in these cluster fields. Of these five CRGCs, two have 
measured redshifts, with one being at the redshift of the 
cluster (CRGC 2 with the 3C 295 cluster) and one being 
beyond the cluster (CRGC 5) and possibly being slightly 
gravitationally lensed by the foreground cluster. 

The large majority of these distant clusters were ob- 
served because they exhibit the "Butcher-Oemler" effect, 
an excess of blue galaxies compared to local clu sters of 
similar richness l|Butcher fe Oemlerl 119781 fl985(l . Spec- 
troscopic observations of the clusters with the largest 
blue galaxy fractions (^20%) has revealed that only one- 
half of the blue galaxies in the fields of these clusters are 
actually associated with the clusters ijLaverv fe Henrvl 
119861 iDressler fe Gunnlll992() . This is consistent with 
our meager spectroscopic data (1 of 2 galaxies are as- 
sociated with the cluster). Applying the spectroscopic 
statistics to our sample of five CGRCs to remove the 
cluster CRGCs would decrease our CRGC sample by 2 
or 3 galaxies, leading to a decrease in the value of m by 
~0.2. 

It should be noted that despite their possible associ- 
ation with rich clusters, these CRGCs may still be in- 
dicative of the properties of the field rather than the 
cluster environment. The most likely explanation for the 
presence of the blue star-forming galaxies in these rich 
clusters is the recent infall of groups, or clouds, of field- 
galax i es associated with these clusters llLaverv fe Henrvl 
lmS8l lLaverv et al1ll992bt lEllingson et all 120011) . This 
scenario is supported by the large veloc ity dispersion ob- 
served for this blue galaxy p opulation ijHenrv fe Lavervl 
Il987t IDressler fc GunnllT992T) . 

4.5. Cosmology 

At the present time, it seems that the standard Fried- 
man models of a decelerating universe do not match the 
observational evidence, based on Type la supernovae, 
which suggests rather that the Universe is now in a stage 
of acceleration. Prior to the discovery of the "dark en- 
ergy" contribution to the expansion of the Universe, the 
observational constraints on the "standard" cosmologi- 
cal model were consistent with = 0.27 and fl\ = 0. 
In this cosmological model, while the estimated redshifts 
of our CRGC sample are slightly larger (see Figure 3), 
the total volume in the redshift interval of 0.1 < z < 
1 is ~45% smaller. Therefore, the expected number of 
CRGCs increases for the various values of m, as shown in 
Table 2. Our observational result would have produced 
a larger value of to, with to = 6.0. This value of m is 
the most appropriate for comparing our results with pre- 
vious determinations for the value of m which used the 
SI A = cosmology. 

4.6. Summary 

Overall, there are several corrections and biases that 
affect of determination of m. However, those that would 
lead to a lower value of m are corrections of ~ 0.2, while 
those leading to a higher value of m are much larger, 
being ~l-2. This leads us to conclude that our value of 
to is more likely a minimum value and could easily be an 
additive factor of 1 or 2 larger. If we make corrections 
for all the factors above (reduce the local CRG density 
by a factor of 3, remove the cluster fields from the solid 
angle and remove the CRGCs identified in these cluster 
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fields, reduce the new solid angle by 10%, and use the 
k-correction of an Scd galaxy which produces the lowest 
incompleteness estimate) and correct for incompleteness 
as described above, we find the value of m to be 7.9. 

5. CONCLUSIONS 

We have identified a total of 25 collisional ring galaxy 
candidates in 162 HST WFPC2 fields. This surpris- 
ingly large number of CRGCs implies a galaxy interac- 
tion/merger rate that increases very steeply with red- 
shift. We find a minimum value for m of 5.2 ± 0.7, with 
m possibly being as high as 7 or 8. This large number of 
distant CRGCs is inconsistent low values of m (0 < m < 

Our large value of m may also be influenced by several 
other evolutionary effects worthy of future investigation. 
First, the frequency of various types of interactions may 
be changing, with there being an increase in low angular 
momentum, highly radial galaxy collisions as a function 
of redshift. Such collisions are of the type needed for the 



production of a collisional ring galaxy. Second, evolution 
of the "target" galaxy population, such that gas-rich disk 
systems, required to sustain an expanding ring of star for- 
mation, would constitute a significantly higher fraction 
of the field population at z ~ 1 than locally. 
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